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Detecting and quantifying biomarkers and viruses in biological samples have broad applications in early 
disease diagnosis and treatment monitoring. We have demonstrated a label-free optical sensing mechanism 
using nanostructured photonic crystals (PC) to capture and quantify intact viruses (HIV-1) from 
biologically relevant samples. The nanostructured surface of the PC biosensor resonantly reflects a narrow 
wavelength band during illumination with a broadband light source. Surface-adsorbed biotarget induces a 
shift in the resonant Peak Wavelength Value (PWV) that is detectable with < 10 pm wavelength resolution, 
enabling detection of both biomolecular layers and small number of viruses that sparsely populate the 
transducer surface. We have successfully captured and detected HIV-1 in serum and phosphate buffered 
saline (PBS) samples with viral loads ranging from 10 4 to 10 s copies/mL. The surface density of immobilized 
biomolecular layers used in the sensor functionalization process, including 

3-mercaptopropyltrimethoxysilane (3-MPS), N-gamma-Maleimidobutyryl-oxysuccinimide ester (GMBS), 
NeutrAvidin, anti-gpl20, and bovine serum albumin (BSA) were also quantified by the PC biosensor. 



Rapid and sensitive detection of proteins, antibodies, and pathogens in biological samples has broad applica- 
tions in the prognosis and treatment monitoring of several diseases including immune response for 
infectious diseases, cancer, and cardiovascular disease 1,2,23,71 . For instance, cancer biomarker and cancer 
cells detection have shown great promise in early detection of colon, lung, ovarian, prostate, and leukemia 
cancers 313 . Further, rapid and sensitive detection of pathogens and infectious agents at the point-of-care 
(POC) is essential for disease diagnosis, microbial forensics 14 , and public health 15 . More specifically, detecting 
human immunodeficiency virus (HIV) in biological samples is critical for HIV detection and treatment mon- 
itoring in resource-constrained settings 1618 . The integration of nanotechnology and label-free optical, electrical, 
and mechanical biosensing has opened promising avenues in the development of diagnostic tools for infectious 
diseases and cancer 19-22,24,25 . 

Antiretroviral therapy (ART) has been a successful method utilized in suppressing acquired immunodeficiency 
syndrome (AIDS). However, a significant ratio of the AIDS patients in developing world do not receive ARTs due 
to limited availability of rapid, sensitive, inexpensive, and portable HIV diagnostic tools for viral load measure- 
ment and CD4 cell counting as the indicators of the patient's immune response to ART. For instance, 46% of the 
patients who needed ART worldwide by the end of 201 1 did not receive therapy 26,27 . Flow cytometry and reverse 
transcription quantitative polymerase chain reaction (RT-qPCR) are sensitive standard methods for CD4 cell 
count and viral load measurements to monitor ART, but they require complex laboratory infrastructure, expens- 
ive reagents, and skilled operators 15,28 . Viral load measurement at the POC has been technically challenging and 
no POC viral load platform has been available commercially. Several POC CD4 cell count devices have been 
developed based upon World Health Organization (WHO) guidelines that recommend therapy initiation in 
resource-constrained settings when CD4 cell count falls below 500 cells/ uL 29 . CD4 cell count alone, however, may 
lead to reducing the drug efficacy because early virological failure cannot be detected through this strategy 30-33 . 
Therefore, emerging new technologies are clinically needed to develop POC viral load measurement tools suitable 
for resource-constrained settings. 
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Figure 1 | Schematic of Photonic Crystal (PC) -based intact virus detection platform, (a) The bottom surface of PC biosensor microplate wells is 
comprised of a nanostructured subwavelength grating that is coated with Ti0 2 . (b) Binding events within the close vicinity of the sensing area change the 
bulk index of refraction, thus, the peak wavelength value (PWV) of the reflected light is altered. The shift in the peak wavelength (APWV) is directly 
proportional to the binding of molecules and/or bioagents (e.g., cells and viruses) onto the biosensing surface. 



Several technologies have been developed for virus detection 
utilizing optical, electrical, and acoustic sensing methods such as 
surface plasmon resonance (SPR), localized surface plasmon res- 
onance (LSPR), quartz crystal microbalance (QCM), nanowires, 
and impedance analysis 17 18,34 39 . A nanoplasmonic-based platform 
was developed to detect intact HIV-1 using self- assembled gold 
nanoparticles conjugated with biotinylated anti-gpl20 polyclonal 
antibodies to selectively capture and detect HIV 18 . An electrical sens- 
ing mechanism was also developed to detect captured HIV-1 on 
magnetic beads conjugated with anti-gpl20 antibodies through 
impedance spectroscopy of viral lysate samples 17 . 

Among these approaches, photonic crystal (PC) biosensors offer a 
rapid and sensitive optical detection method for biomolecules, cells, 
and viruses by monitoring the dielectric permittivity changes at the 
interface of a transducer substrate and a liquid media 40 . Periodic 
arrangement of dielectric material on a PC sensor results in estab- 
lishment of an optical resonance at a precise wavelength, at which 
electromagnetic standing waves form, which extend into the liquid 
media in contact with the PC surface (Figure 1). The PC nano- 
structures are comprised of a periodic surface structure formed by 
replica molding from a low refractive index polymer, which is coated 
with a high refractive index Ti0 2 dielectric layer. When illuminated 
with a collimated broadband light source at normal incidence, the PC 
structure reflects only a narrow resonant band of wavelengths with 
nearly 100% efficiency, while all other wavelengths pass through. The 
Peak Wavelength Value (PWV) of the reflected resonant spectrum 
shifts to greater values when biological analytes, such as proteins, 
viruses, or cells bind to the PC. For instance, PC surfaces were used to 
detect breast cancer cell (MCF-7) cytotoxicity and proliferation 41 and 



porcine rotavirus in biological samples 38 . PC biosensors have also 
been used in high throughput analysis of kinetic biomolecular inter- 
actions 42 . Here, we have developed a PC biosensing platform that 
captures and detects intact viruses (HIV-1) as well as biomolecules 
and antibodies. Multiple HIV- 1 subtypes (A, B, and D) were detected 
in spiked samples with viral loads ranging from 10 4 to 10 s copies/mL 
and validated with the gold standard method (i.e., RT-qPCR). 

Results 

To evaluate surface activation and biomolecule binding events, a 
control group of unmodified PC surfaces were used. After modifica- 
tion with the surface activators (i.e., 3-mercaptopropyltrimethoxysilane 
(3-MPS) and N-gamma-Maleimidobutyryl-oxysuccinimide ester 
(GMBS)), PWV shift of 0.35 ± 0.15 nm was measured (Figure 2). 
The corresponding PWV shifts were analyzed using Analysis of 
Variance (ANOVA) statistical analysis represented a statistically sig- 
nificant difference from the unmodified PC surface (n = 3, p < 0.05) 
(Figure 2). GMBS molecules presented succinimide groups to bind 
NeutrAvidin, which allowed antibody immobilization with a favor- 
able orientation for a higher capture efficiency rather than physical 
adsorption and chemical binding 16 . After modification of PC sur- 
faces with NeutrAvidin, the PWV shift was measured to be 1.24 ± 
0.10 nm (Figure 2). Statistical analysis was performed for Neutr- 
Avidin step, and demonstrated that there was a statistically signifi- 
cant difference compared to the previous step (n = 3, p < 0.05) 
(Figure 2). The immobilization of biotinylated anti-gpl20 polyclonal 
antibodies on PC surfaces caused a PWV shift of 1.90 ± 0.13 nm, 
which was statistically different compared to NeutrAvidin step (n = 
3, p < 0.05) (Figure 2). 10% BSA was used as a blocking agent to 
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Figure 2 | PWV Shift due to Surface Chemistry. Utilizing a 384-well plate, each step of the surface chemistry process produced a distinct wavelength 
shift after incubation. The plate was initially washed 3 X with DPBS, treated with plasma for 2 minutes, then incubated with 3-MPS at room temperature 
for 30 minutes, followed by GMBS incubation for 30 minutes at room temperature. Next, NeutrAvidin and anti-gp 120 antibody were added sequentially, 
each with 1 hour incubation at +4 C. Blocking was performed using BSA for 30 minutes at +4°C. Viruses (subtype D, 2.9 X 10 s copies/mL) were 
incubated for 30 minutes at room temperature, fixed with 4% paraformaldehyde, and washed again with DPBS. APWV is based off of shift from DPBS 
baseline step, which was set to zero. Statistical assessment on the results was performed using Analysis of Variance (ANOVA) with Tukey posthoc test for 
multiple comparisons. Statistical significance threshold was set at 0.05, p < 0.05. Error bars represent standard error of the mean (n = 3). Brackets 
connecting individual groups indicate statistically significant PWV shift. 



prevent nonspecific binding on PC surface and this step did not 
cause a statistically significant peak shift compared to the antibody 
step (n = 3, p > 0.05) (Figure 2). The PWV shift after blocking the 
PC surface with BSA was 2.18 ± 0.14 nm. 

To further evaluate the ability of the PC platform for virus (HIV- 1 ) 
capture and detection. We tested HIV-1 spiked in DPBS samples at 
concentrations ranging from 10 4 to 10 s copies/mL (Figure 3). The 
PWV shifts for the virus samples were measured with respect to 
PWV corresponding to PC surfaces conjugated with antibodies 
before the virus capture step. The PWV shifts for HIV-1 subtype B 
and D spiked in DPBS samples represented a statistically significant 
difference compared to control samples at minimum viral loads of 
10 6 copies/mL and 10 5 copies/mL, respectively (Figures 3 a,b, n = 3, 
p < 0.05). There was no significant PWV shift observed for viral 
loads below 10 5 copies/mL (Figures 3 a,b, n = 3, p > 0.05). Linear 
curve fits that correlate viral loads in HIV-spiked in DPBS samples to 
the corresponding PWV shifts were calculated for HIV-1 subtypes B 
and D (Figures SI a, b). The coefficients of determination (R 2 ) for 
these linear curve fits were 0.92 and 0.96 for subtypes B and D, 
respectively. We have also evaluated the repeatability of the PWV 
shift measurements for samples with virus concentrations ranging 
from 10 s to 10 s copies/mL for HIV-1 subtypes B and D. The repeat- 
ability was calculated based on the following equation: 

PWV change mean 



Repeatability = 



PWV change mean + standard error of measurement 



x 100 



The repeatability of the experimental measurements for PWV 
shifts for HIV-1 subtype B using samples with viral loads of 10 s , 
10 6 , 10 7 , and 10 s copies/mL were 85%, 85%, 89%, and 91%, respec- 
tively (n = 3) (Figure 3c) and for HIV-1 subtype D were 85%, 93%, 
95%, and 98%, respectively (n = 3) (Figure 3d). We have also used 
scanning electron microscopy (SEM) to visualize captured HIV-1 on 
the surface of the PC substrates (Figure 4). 

Excessive levels of protein including albumin, casein, and immu- 
noglobin due to presence of HIV- 1 in biological samples may prevent 
antigen/antibody interactions and create nonspecific binding 16 . It 
has been shown that anti-gpl20 antibody is highly specific in cap- 
turing multiple HIV-1 subtypes in whole blood and HIV-infected 
patient samples 16,18 as well as in the presence of other viruses such as 



Epstein-Bar Virus (EBV) 17 . To evaluate the specificity of the 
PC-based platform and potential drift due to nonspecific binding 
on the nanostructured surfaces, we tested the biosensing system with 
HIV-spiked plasma samples with various viral loads between 10 2 and 
10 7 copies/mL. Plasma without HIV-1 was used as a control sample. 
The viral loads of the stock HIV-1 samples were quantified by RT- 
qPCR as the gold standard method. The PWV shift of the spiked 
plasma samples with HIV- 1 subtype B with viral loads of 10 2 , 10 3 , and 

10 4 copies/mL were not significantly different compared to control 
samples (Figure S2a, n = 3, p > 0.05). The PWV shifts of the spiked 
plasma samples with HIV- 1 subtype B with viral loads of 10 5 , 10 6 , and 
10 7 copies/mL were significantly higher than the PWV shift of the 
control samples (Figure S2a, n = 3, p < 0.05). We also observed that 
the PWV shift of the spiked plasma samples with viral load of 

10 5 copies/mL was significantly different than all other spiked 
plasma samples (Figure S2a, n = 3, p < 0.05). The PWV shifts of 
plasma samples spiked with HIV-1 subtype B were 2.82 ± 0.11 nm 
(control), 2.97 ± 0.10 nm (10 2 copies/mL), 3.14 ± 0.13 nm 
(10 3 copies/mL), 3.61 ± 0.60 nm (10 4 copies/mL), 5.03 ± 0.30 
nm (10 5 copies/mL), 3.77 ± 0.32 nm (10 6 copies/mL), and 4.10 ± 
0.16 nm (10 7 copies/mL). The linear correlation between the PWV 
shifts of the HIV-spiked plasma samples with viral loads between 10 2 
and 10 7 copies/mL was also calculated as illustrated in Figure S2b. 
The repeatability of these PWV shift measurements was between 
91% and 98% for HIV-1 subtype B (Figure S2c). Thus, the PC sub- 
strates functionalized with anti-gp 120 antibodies selectively and 
reproducibly captured HIV-1 in plasma. The PWV shift decreased 
for spiked plasma samples with viral loads higher than 10 5 copies/ 
mL. We observed the same response in plasma samples spiked with 
another subtype (subtype A) (Figure S3). Previously, negative PWV 
shifts were also reported for detection of porcine rotavirus on the 
photonic crystal surfaces 43 . The PWV shift is strongly dependent on 
the dimension of the 3D structures on the photonic crystal substrates 
including the height of the titanium oxide layer, the width of the slabs 
and the gap between the slabs. Proteins in serum samples can accu- 
mulate on the surface of the PC substrates due to nonspecific binding 
and change the dimensions of the PC slabs, which causes larger PWV 
shifts in spiked plasma samples compared to spiked DPBS samples. 
At higher virus concentrations, there seems to be a higher chance that 
free viruses in solution remove or extract accumulated proteins, 
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Figure 3 | Capturing and detecting HIV-1 on PC surfaces with corresponding PWV shift using two blocking methods, (a) BSA blocking using HIV-1 
subtype B (b) Glycine blocking with HIV-1 subtype D. Utilizing the 384-well plate, normal surface chemistry was performed. APWV is based upon the 
shift from the previous step of antibody incubation. All values have been referenced against a negative control without viruses. Repeatability measurement 
(n = 3) for spiked DPBS samples with virus concentrations ranging from 10 5 to 10 s copies/mL for HIV-1 subtypes B (c) andD. (d) The repeatability of the 
experiments was between 85% and 91% for HIV-1 subtype B and between 85% and 98% for HIV-1 subtype D. Statistical assessment of the results was 
performed using unpaired t test with 95% confidence internal for multiple comparisons. Statistical significance threshold was set at 0.05. Error bars 
represent standard error of the mean (n = 3). Brackets connecting individual groups indicate statistically significant PWV shift (p < 0.05). 



blocking agent, or antibodies from the PC surface 43 . Therefore, a 
drop in PWV shift is observed in spiked plasma samples with viral 
loads greater than 10 s copies/mL. The high viral load measurements 
(e.g. >10 5 copies/mL) in spiked plasma samples would potentially 
benefit from further surface chemistry and design optimization on 
the photonic crystals. 



Discussion 

HIV/ AIDS is a global pandemic that has caused 25 million deaths 
and more than 30 million people are infected worldwide 44 46 . The 
viral replication and shedding reaches its maximum rate at the acute 
HIV stage (10 6 -10 s copies/mL) and makes the acute HIV infection 
cases highly contagious 47 49 . Patients with acute HIV-1 infection, 




Figure 4 | Visualization of the captured viruses on photonic crystal surfaces, (a) Scanning Electron Microscopy (SEM) imaging of photonic crystal 
surfaces with captured HIV-1 (b) Close-up image of a single virus attached to the PC surface. Utilizing the 384-well plate, surface chemistry was 
performed using anti-gpl20 antibody (20 ug/mL) and BSA blocking. Sample wells were washed with DPBS to remove unattached viruses, fixed with 4% 
paraformaldehyde, and further washed with HyClone® Grade Water followed by overnight drying through evaporation. SEM image was taken at 3.5 mm 
working distance and 5 kV accelerating voltage. 
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who are unaware of their disease, thus contribute substantially to 
HIV-1 transmission 50,51 . Current POC rapid HIV tests target anti- 
bodies against HIV-1 generated after infection. Recent comprehens- 
ive investigations on samples taken from patients at high risk of HIV 
infection and a field evaluation at Malawi have revealed that the 
available POC HIV tests have poor sensitivity in detecting acute 
HIV 52 " 54 . For instance, Determine™ HIV- 1/2 Ag/Ab Combo rapid 
test (Combo RT) was not sensitive to detect HIV-1 subtypes F, G, H, 
J, CRF06_cpx, and CRF1 l_cpx and HIV-1 groups O and P and HIV- 
2. The sensitivity of this rapid test was 61.5% for subtype B 52,53 . 
Therefore, there is an unmet clinical need to detect HIV-1 at acute 
stage, where current antibody-based POC technologies such as lat- 
eral flow assays, including dipsticks, enzyme-linked immunosorbent 
assays (ELISA), and OraQuick are not effective due to the low con- 
centration of antibodies 49,52,55 . 

Further, to increase access to ART, and to improve treatment 
outcomes, there is an urgent need for inexpensive diagnostic and 
monitoring tools 15,56,57 . In developed countries, HIV- 1 viral load nuc- 
leic acid assays are used to monitor the treatment efficacy, to ensure 
patient adherence and to predict disease progression. Since HIV-1 
viral load assays are expensive ($50-200 per test), instrument- 
dependent, and technically complex, CD4 cell count and clinical 
symptoms are used to guide ART in developing countries. Recent 
studies, however, have shown this strategy cannot detect early viro- 
logical failure 30 32 . The virological failure causes accumulation of 
drug-resistance strains and reduces efficacy of the available sec- 
ond-line regimens in resource-constrained settings 32 . Thus, to 
increase access to ART, a rapid, inexpensive, and simple viral load 
test is urgently needed at the POC settings. 

In this work, we have developed and presented an optical-based 
PC biosensing platform that can capture and detect HIV-1 in sam- 
ples with clinically relevant viral loads ranging from 10 4 to 
10 s copies/mL that occur before the seroconversion stage of the 
HIV-1 infection (acute HIV-1) 48 . Previous published work demon- 
strated that multiple HIV-1 subtypes (A, B, C, D, E, G, and panel) 
were captured, isolated, and quantified using biotinylated goat anti- 
HIV gpl20 polyclonal antibody, which targets multiple epitopes of 
gpl20 on HIV-1 surface 1618 . Although HIV-1 gpl20 envelope 
sequences vary between HIV- 1 subtypes, the antibody used in this 
work to capture HIV-1 (biotinylated goat anti-gpl20, ab53937) is 
polyclonal, and therefore, targets multiple epitopes. In this paper, 
gpl20 sequences for subtypes B and D were also aligned with the 
EU541617 reference strain used to generate the polyclonal antibody 
(Figures S4-S6). 

Although anti-gpl20 antibody used in this work is a polyclonal 
antibody, the sensitivity of the PC biosensor is related to the HIV- 1 
subtype. The different sensitivity and repeatability in these results are 
attributed to the differences between the HIV-1 gpl20 envelope 
sequences of different subtypes (A, B and D) used in this work. 
Further, different subtypes can be captured and detected with differ- 
ent capture efficiencies and sensitivities 16,18 . Overall, anti-gpl20 anti- 
body captures different HIV-1 subtypes. Subtype specific antibodies 
could improve the overall capture efficiency and sensitivity per 
subtype. 

It has been shown previously that rapid viral load replication and 
doubling time (10 hours) during the acute HIV infection and before 
ART initiation results in very high viral load levels (10 5 — 10 s copies/ 
mL) 47,48,58 . Although the maximum viral load is observed in acute 
HIV-infected patients varies, these studies showed that it can reach to 
a minimum of 10 5 copies/mL during the early stage of HIV-1 infec- 
tion (seroconversion) 47 . Therefore, the PC-based assay developed 
and presented in this work can potentially be used to detect HIV 
in infected individuals before the seroconversion stage of infection. 

Currently an assay with higher sensitivity to detect and quantify 
HIV in biological samples based on World Health Organization 
(WHO) definition of treatment failure (VL > 1,000 copies/mL) 59 



as well as the Department of Health and Human Services (DHHS) 
and AIDS Clinical Trials Group (ACTG) definitions of treatment 
failure (VL > 200 copies/mL) 60 62 would be beneficial to cover a 
larger population of the HIV-infected patients for HIV detection 
and ART monitoring. We envision that the sensitivity of this PC- 
based assay can be potentially further enhanced by integrating a 
microfluidic system that increases the capture efficiency of viruses 
by decreasing the distance between the target viruses in the sample 
and the PC surface 63 66 . In the current approach, samples are placed 
in microwells and viruses are captured at the bottom of the wells, 
which requires the viruses to diffuse for a relatively long distance to 
reach the capture zone on the surface of a PC substrate. A micro- 
fluidic channel would reduce the time required for diffusion to bring 
analyte to the sensing surface, and minimize the non-sensing surface 
area that is capable of adsorbing viral particles. Reduction of the 
antibody-prepared sensing area within a microfluidic channel will 
potentially result in an increase in virus surface density for a fixed 
virus concentration in the test sample, resulting in greater PWV 
shifts. Increasing antibody concentration and using other capture 
antibodies and moieties such as anti-gp41, anti-gp24 antibodies, 
soluble CD4 molecules, or a cocktail of these antibodies may also 
improve the capture efficiency and sensitivity of the assay. The select- 
ivity and efficiency of these antibodies to capture HIV-1, needs to be 
further evaluated using the PC-based biosensor platform. 

Although this PC-based sensing platform has shown a great prom- 
ise in detecting HIV-1 at the early stage of HIV- infection (serocon- 
version) with high repeatability and selectivity, it needs further work 
towards a portable design. This assay requires only a fingerprick 
unprocessed whole blood sample (<50 (iL) for HIV-1 detection 
and for a closed system with automated sample handling a biosafety 
level (BSL)2 or BSL2 + facility and virus culture are not needed. 

Methods 

Reagents. Dulbecco's Phosphate Buffered Saline (DPBS) was purchased from Life 
Technologies (Grand Island, NY). Reagents used for surface chemistry including 
3-mercaptopropyltrimethoxysilane (3-MPS), N-gamma-Maleimidobutyryl- 
oxysuccinimide ester (GMBS), 200 proof of ethanol (EtOH), and paraformaldehyde 
were obtained from Sigma Aldrich (Sheboygan, WI). Proteins utilized in the surface 
chemistry including Bovine Serum Albumin (BSA) and NeutrAvidin were purchased 
from Fisher Scientific (Agawam, MA). The capture antibody, biotinylated anti-gpl20 
polyclonal antibody (ab53937), was purchased from Abeam® (Cambridge, MA). 

PC well plate fabrication. PC biosensors were integrated with standard-format 384- 
well microplates, as described in previous work 67 . The PC is comprised of a flexible 
polyester substrate that is coated with a uniform, large-area grating structure (period 
= 550 nm, depth =120 nm) that is overcoated by a titanium dioxide (Ti0 2 ) thin film 
to produce a high efficiency resonant optical reflection at a wavelength of 855 nm. 
PC-based micro-well plates (SRU Biosystems 384 micro-well plates, 110421-0108- 
3MC, SRU Biosystems, Woburn, MA) are manufactured using a photoreplica- 
molding process that begins with a silicon master wafer into which a ultraviolet light- 
curable polymer is molded, covered with a sheet of polyethylene, and cured using UV 
light. The polymer grating structure has a period of 550 nm and a grating depth of 
200 nm. After the polymer sensor is cured and removed from the silicon master, 
fabrication is completed with the addition of a 120 nm-thick layer of Ti0 2 , which has 
a high refractive dielectric index, using a roll-to-roll reactive sputter deposition 
process. Sensor coupons are cut from the roll, and attached with adhesive to 
bottomless 384 micro-well plates, such that the entire bottom surface of each well is 
covered with the PC structure. 

Layer-by-layer biomolecule and antibody immobilization. Prior to applying 
proteins and antibodies to the surface of the biosensor, a 384-well biosensor 
microplate was washed three times using 1 X DPBS. After the final wash, DPBS was 
incubated in the wells and a PWV baseline was recorded for each well using a 
detection instrument specifically configured for rapidly scanning PC biosensor 
microplates (BIND Reader, SRU Biosystems, Woburn, MA). PWV shift for every 
microplate well was measured after each surface modification step. Briefly, 3-MPS 
(42.3 mg/mL in EtOH) was dispensed into the wells, and the plate was incubated at 
room temperature for 30 minutes. The wells were washed three times with 70% EtOH, 
and then, GMBS (0.28 mg/mL in EtOH) was added to the wells and incubated for 30 
minutes. The plate was washed three times with DPBS to remove unbound and 
weakly bound non-adsorbed material. To immobilize antibodies, NeutrAvidin 
(0. 10 mg/mL in DPBS) was incubated for an hour at room temperature. The plate was 
then washed three times with DPBS, and then, incubated with a blocking agent, 10% 
BSA in DPBS, for 30 minutes at room temperature. Wells were then washed and 
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incubated with biotinylated polyclonal anti-gpl20 antibody (20 ug/mL in DPBS) for 
two hours, and washed again with DPBS. The plate was then filled with DPBS while 
being stored at 4°C, ready for the virus capture step. 

HIV-1 culture. We obtained HIV-1 samples fromNIH under the AIDS Research and 
Reference Reagent Program. The viruses were cultured in peripheral blood 
mononuclear cells (PBMCs). PBMCs isolated from HIV-1 negative samples by Ficoll 
Hypaque density gradient centrifugation (Histopaque 1077 Sigma H8889) were 
stimulated with PHA (0.25 ug/mL) for 3 days and co-cultured with HIV-1 positive 
PBMCs samples. The samples were incubated at 37°C and 5% C0 2 atmosphere. P24 
titer measurement was performed on the supernatants of the co-culture samples by an 
ELISA kit (Perkin Elmer®, NEK050b). When p24 titer in the samples reached 20 ng/ 
mL, the co-culture was terminated. The viral load of the samples was quantified using 
Roche- COBAS® AmpliPrep/COBAS® TaqMan® HIV-1 Test, v2.0 system at the 
microbiology laboratory at the Brigham and Women's Hospital. The stock 
concentration of HIV-1 subtypes A, B, and D samples were 1.7 X 10 8 , 1.2 X 10 8 and 
2.9 X 10 8 copies/mL, respectively. 

Virus capture. After antibody immobilization on PC nano structures, HIV- 1 samples 
were incubated in the modified wells for 30 minutes at room temperature in a BSL2 + 
cell culture facility. The wells were then washed three times with DPBS to remove any 
unbound viruses in the sample. Following washing, 4% of paraformaldehyde was 
added to fix the intact viruses for further analysis. The PWV shifts due to binding the 
viruses to the surface of the biosensor were measured for detection and quantification. 
For conducting the experiments in plasma, whole blood was centrifuged (1500 rpm) 
for 10 minutes to effectively separate the hematocrit. The plasma layer was gently 
collected. HIV-1 stocks (subtypes A and B) were thawed (from — 80°C to room 
temperature) and diluted serially to achieve various virus concentrations in human 
plasma. Surface chemistry was performed on the PC surface, and the conjugated 
microwells were incubated with HIV-spiked plasma (100 uL), as well as a reference 
control of only plasma, for 1 hour at room temperature. After sample incubation, the 
microwells were carefully aspirated and 4%paraformaldehyde (100 uL) was added to 
fix the captured viruses. Post fixation, the wells were washed three times with DPBS 
and left wet with DPBS after the final wash. The PWV shifts were then measured. 

HIV-1 sequencing. Viral RNA was extracted from 140 uL of cell culture supernatant 
using the QIAamp Viral RNA Mini Kit (Qiagen). The full-length envelope gene was 
amplified from RNA using a previously described nested PCR 68 ' 69 modified with 
house-designed primers as previously described 70 . Bidirectional sequencing of near 
full-length HIV-1 envelope was performed using previously described primers 69 . 
Sequences were assembled using Sequencer software (GeneCodes). Ambiguous bases 
were called if individual chromatogram peak heights were at least 30% of the upper 
peak height. HIV-1 gpl20 sequences were assembled to the EU541617 HIV-1 
envelope sequence. This sequence was used to generate the polyclonal goat anti- 
gpl20 antibody used in the experiments to capture and isolate HIV-1 subtypes. 

Statistical analysis. The statistical analysis for the experimental results were 
performed using unpaired t test with 95% confidence internal and Analysis of 
Variance (ANOVA) with Tukey's post-hoc test and the statistical significance 
threshold was set at 0.05 (n = 3 to 6, p < 0.05). 
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